Abstract-This paper presents a high-speed and high-dynamic variable frequency drive (VFD) based on the modular multilevel converter (MMC) and silicon carbide (SiC) devices. A compact submodule design with the straightforward extension feature is introduced. An integrated control scheme including the low-and high-speed control is developed. Based on the designed prototype and the advanced control scheme, the dynamic response including speed acceleration and torque step-change capabilities are investigated. Besides, the steady-state performance in the highspeed range is also examined in terms of speed control accuracy and current distortion. Validated by the experimental results, the developed VFD prototype with the proposed control scheme can successfully reach the high speed (6000 rpm). It has accurate speed control (±1%) and low current distortion (THD%=2.54%) in high-speed operation, as well as the robust dynamic response.
I. INTRODUCTION
The number of industrial applications for high-speed electrical machines is increasing because, when compared to a standard 60/50 Hz motor, they have a much higher power density and high conversion efficiency [1] , [2] . Among different topologies of variable frequency drive (VFD) to feed high-speed electrical machines, the modular multilevel converter (MMC) presents two outstanding features. On the one hand, an MMC consists of identical submodules (SMs). By adding or removing SMs, MMC-based VFDs can easily adjust the voltage and power rating for different industry applications [3] , [4] . On the other hand, the switching frequency of highspeed VFDs has to be high enough to achieve the accurate speed and current control when the electrical machine runs in a high-speed range [5] . For an MMC-based VFD, the equivalent switching frequency at the drive output side is several times higher than that of a single SM switch, resulting in the significantly improved output current control capability and reduced current THD% in the high-speed range [6] , [7] . Meanwhile, with the advancement of power semiconductor devices, silicon carbide (SiC) switches draw increasing attention due to its fast-switching but low-loss capability [8] . Hence, the MMC using SiC devices presents great potential in developing the high-performance and high-speed VFD.
However, two critical issues are identified with the MMCbased VFDs. First, the SM capacitor voltage fluctuation is inverse proportional with the load frequencies [9] . Capacitor voltage fluctuation may become excessively large at low or zero frequency, which is not allowable for the standstill and lowspeed operation of the electrical machine [10] , [11] . Secondly, SM capacitors and arm inductors form a stable RLC circuit for each phase leg. Without proper control, a current resonant oscillation may happen in the MMC arms when the circulating current frequency is close to the resonant frequency, resulting in huge inrush currents between each arm. This situation usually happens when the load frequency goes higher than the 60/50 Hz utility frequency, but still in the operation range of the highspeed VFD [12] .
So far, the research on MMC-based VFDs has mainly concentrated on the 60/50 Hz low-speed motor application, especially using traditional Si-based switches in the experimental analysis [9] - [11] . However, few of those papers have studied the control scheme for the high-speed MMC-based VFDs, nor the prototypes of high-speed MMC-based VFD using SiC devices and experimental results. Hence, this paper firstly presents a VFD prototype based on the MMC and SiC devices. Then an integrated control scheme including the lowand high-speed control is developed. Based on the designed prototype and the advanced control scheme, the dynamic response including speed acceleration and torque step-change and the steady-state performance in terms of speed control accuracy and current distortion are investigated by experiments.
II. SYSTEM CONFIGURATION AND SM DESIGN

A. System Configuration and Operation Principle
A three-phase MMC based VFD is shown in Fig.1 . An electrical machine, either an induction machine or a permanent magnetic machine, is integrated with the MMC and forms the MMC-based VFD. The main MMC circuit consists of two arms per phase where each arm includes N identical series-connected SMs and an inductor. The half-bridge circuit topology is used for the SM.
Vdc is the input DC power supply. voj (j=a,b,c) is the output voltage of phase j whereas ioj is the corresponding output current. In the following discussion, subscript j represents Phase a, b, and c accordingly. The upper and lower arm voltages are expressed as vpj and vnj, where the subscript p and n denote the upper (positive) and lower (negative) arms, respectively. ipj, inj, and izj are the upper arm current, lower arm current, and circulating current of phase j, respectively. C is the SM capacitance and Vcap is the rated base voltage of the capacitor.
For the operation principle of MMC, the current and voltage relationship is shown as (1) to (6) [13] . Thus, the output current control is independent of the internal circulating current control based on (5) and (6), which brings more control freedoms to an MMC-based VFD. Fig. 2 shows the compact design of SiC-based SM structure for the MMC-based VFD prototype. The switch uses Rohm 1.7 kV 300 A SiC MOSFET (#BSM0015A). A two-layer driving and sensing board is attached to the power module and control the switches, as Fig. 2(a) displays. This board also provides comprehensive protection functions, including over-current, over-voltage, over-temperature, and EMI-shielding protection [14] . Fig. 2(b) shows the SM assembly structure with the associated elements, including the optimized capacitor, heat sink, cooling fan, and a high-insolation fiber-glass frame. The designed SM can operate at 1.2 kV. Based on this SM design, it is straightforward to extend the MMC voltage rating and levels by stacking different numbers of SMs per arm. Hence, the MMC-based VFD prototype using SiC devices can be established. By using 2 to 6 SMs per arm, the VFD prototype can adjust the output voltage level from 3 to 7 according to different voltage applications.
B. Design of SiC-based SM
III. PROPOSED COMPEHENSIVE CONTROL SCHME
A. Low-frequency Control Scheme
When the MMC operate at low/zero frequencies, a sinewave common mode voltage injection method is used to minimize the voltage ripples of the SM capacitors in this paper. In addition to the common mode voltage injection, the circulating current control is implemented as well [13] . The common mode voltage injection method is only applied for low/zero frequency operation. and . are defined as:
.
Where ωcom is the angular frequency of the common-mode voltage. 
B. High-frequency Control Scheme
When the MMC-based VFD operates at high frequency, the capacitor voltage fluctuations are reduced to the acceptable range. However, without circulating current control, each phase leg forms a stable RLC circuit and may enter the resonant oscillation. The resonant frequency of one phase leg is shown as (9) . The corresponding output frequency can also be derived as (10) , which is half of the circulating current [12] . We set the common mode voltage command and circulating current command as (11) and (12), respectively. Idc is the input DC bus current. The control block diagram is also the same as Fig.3 . Thus, the resonant oscillation of circulating current can be suppressed at the high-frequency range of the VFD. C. Integrated Control Scheme Fig.4 shows the integrated control scheme of an MMCbased VFD for the high-speed permanent magnet synchronous machine (PMSM). It includes the motor control, MMC arm voltage control, PWM modulation, and capacitor voltage sorting algorithm. All the MMC arm currents, SM capacitor voltages, output currents, and PMSM angle are measured and used as feedback signals.
For the motor side, it has speed-loop control and flux weakening control. For the speed-loop control, the speed command nref is compared with the actual speed feedback signal n. A PI controller is used to minimize the error between them and generate the q-axis current command iq.ref. For the MMC side, the arm voltage control will take the three-phase voltage command and implemented as Fig.3 . The low-frequency control scheme is used when the VFD operated at zero and low-speed range to minimize the capacitor voltage fluctuations. When the speed of VFD goes high, the lowfrequency control scheme gradually goes to the high-frequency control scheme. Thus, the circulating current in MMC arms can always be suppressed to the minimal level.
For the PWM modulation, the phase-shifted PWM method is used to determine the right number of SMs. Then a typical capacitor sorting algorithm, based on reference [14] , will be applied to balance the capacitor voltage. Thus, all the capacitor voltages among each phase leg can be balanced simultaneously for different operating speeds.
III. EXPERIMENTAL RESULTS
The MMC-based VFD prototype using SiC devices is established as Fig. 5(a) shows [14] . A high-speed PMSM with 600 V rated DC-bus voltage and 6000 rpm base speed is integrated with the VFD prototype, as Fig. 5(b) . Table I shows the system specifications. This paper takes advantage of the modular structure of the VFD and uses 2 SMs per arm to fit the PMSM voltage rating. The DSP of floating-point dual-core TMS320F28337D is utilized to implement the motor control and MMC arm voltage control, generating the MMC arm voltage references. The field programmable gate array (FPGA) of Cyclone IV EP4CE115F29C7N is used to realize the PWM modulation and capacitor voltage sorting algorithm, generating the required PWM signals based on the received voltage references. The resolver and conversion board EVAL-AD2S1210SDZ are used to obtain the real motor angle. In this test, each SiC device is switching at 12 kHz, resulting in equivalent 24 kHz system frequency. The dynamic speed response from zero to the base speed (6000 rpm) is examined as Fig. 6 displays. The PMSM is ramped up with 50% constant starting up torque current and then with 100% torque current (200 A base current). The switchover moment between these two torque currents is 2250 rpm corresponding to 150 Hz. It demonstrates that 1) based on the proposed integrated control scheme, the MMC-based VFD prototype can successfully ramp up to the high base speed of 6000 rpm. 2) a fast and robust dynamic speed response can be observed with 50% starting torque, and 50% torque step change during acceleration at high speed. The maximum acceleration speed can reach 4000 rpm/s with the full rated torque to speed up the machine. Thus, the experimental results validate the established VFD presents a very fast and robust speed dynamic response.
The dynamic torque response in the high-speed range is tested in Fig.7 . The PMSM speed is controlled to the highest speed 6000 rpm. An approximately 50% step-change torque is applied at the PMSM, which the torque is added by the Dyno test platform connected with the PMSM. Fig.7 (b) shows that the VFD output current changes from 50 to 150 A, adding 50% more current to generated required torque while keeping the speed stable at 6000 rpm. This dynamic process can be completed in less than 0.5 ms. Hence, it verifies the designed prototype can own fast and robust torque-dynamic response capability with the proposed control scheme. To investigate the steady-state speed and current performance in the high-speed range, speed accuracy and current tolerance at 6000 rpm is tested and analyzed. Fig.8 (a) shows that the speed of PMSM rotor driven by the VFD prototype is within the ±1% tolerance band. Meanwhile, the output current in Fig.8 (b) has very low harmonics, which is 2.54%. And the current tolerance is also small, which is from -6% to +6%. Experimental results verify the established VFD prototype has very accurate speed control and low current distortion at high speed. Hence, for MMC-based VFD using SiC devices, it is entirely possible to remove the output filter due to the small current THD%.
IV. CONCLUSIONS
This paper presents an MMC-based VFD prototype using SiC devices to drive a high-speed PMSM. Based on the developed VFD prototype and the proposed integrated control scheme, it can successfully drive the tested machine to 6000 rpm from the standstill with the maximum 4000 rpm/s acceleration speed. A fast and robust dynamic response can be achieved, which has extremely high constant starting current (100 A) and strong torque step-change capability. Meanwhile, the established VFD presents very accurate speed control and extra-low current distortion at the high-speed range. 
